The successful establishment of pregnancy is dependent on proper embryo development and uterine receptivity. The latter consists of differentiation and secretory transformation of the glandular epithelial cells followed by decidualization of the stromal compartment during the mid-to late secretory phase of the menstrual cycle. This period is also characterized by extensive tissue remodelling in the superficial layer of the endometrium in preparation for the invasion and implantation of the proliferating trophoblast cells. The regulation of local events critical for decidualization and tissue remodelling in normal implantation remains poorly defined. Only with this information will progress be possible in the management of situations in which these physiological events are dysfunctional. Specifically, in the context of the present review, if mechanisms governing normal implantation are suboptimal the establishment of an early pregnancy may be impaired. Impaired early pregnancy development and consequently uteroplacental function may be associated not only with miscarriage but also with later pregnancy complications including pre-eclampsia and intrauterine growth restriction (Miller et al., 1980; Wilcox et al., 1988) . A direct role for impaired decidualization in pregnancy failure is emphasized in women with recurrent miscarriage. A subgroup of these women has a prevalence of antiphospholipid antibodies in their sera, which has been causatively associated with pregnancy failure. More recently, it has been suggested that antiphospholipid antibodies compromise pregnancy outcome in these women by perturbing decidualization of endometrial stromal cells and inhibiting prolactin secretion (Pierro et al., 1999) .
Regulation of morphological and functional changes in the endometrium throughout the menstrual cycle and early pregnancy
The endometrium is composed of two layers: an upper functional layer, which is shed, and an underlying basal layer, which regenerates after menstruation. Cyclical changes are apparent in the glandular, stromal and vascular components of the endometrium and these changes are regulated by sequential production of oestrogen and progesterone from the ovary (reviewed in Critchley and Healy, 1998) . During the menstrual phase (first 4 days of bleeding) there is histological evidence of subepithelial necrosis and glandular collapse. From day 3 after the onset of bleeding, cellular regeneration commences in the glandular and stromal tissues under the influence of oestrogen. This period is termed the proliferative phase and extends between day 4 after the onset of bleeding and ovulation. After ovulation, the secretory phase of the menstrual cycle commences, which is dominated by progesterone. Glandular secretions are maximally evident during the mid-secretory phase (days 5−9 after ovulation), and in the late secretory phase (from day 10 after ovulation until menstruation) pre-decidual changes take place in the stromal compartment. Oestrogen and progesterone act sequentially to regulate the cellular concentrations of sex steroid receptors in the uterus (Lessey et al., 1988) . In the non-pregnant Successful establishment of pregnancy is dependent on uterine receptivity at the time of trophoblast invasion and implantation. The endometrium undergoes morphological and functional differentiation during the mid-to late secretory phase of the menstrual cycle in preparation for such an event. These changes are orchestrated by ovarian steroid hormones. However, local autocrine−paracrine signalling at the deciduo-placental interface is crucial for successful establishment of pregnancy. One key cytokine that may regulate many functions in implantation is prolactin. Prolactin is secreted by the decidualized endometrium at the time of predicted conception and, in the event of pregnancy, local expression and secretion of prolactin persists until term. Prolactin mediates its effect on target cells through interaction with single-pass transmembrane receptors. Localization of the sites of expression of the prolactin receptor indicates that the cytokine may regulate an array of functions in the pregnant uterus that are crucial in implantation and early pregnancy. endometrium, both the classic oestrogen receptor α and progesterone receptors increase in the nuclei of the glands and stroma during the proliferative phase. In the secretory phase, both oestrogen receptor α and progesterone receptors decline in the glandular compartment of the endometrium. In contrast, expression of the progesterone receptor persists in the endometrial stromal compartment and is particularly evident in the perivascular tissues. Both oestrogen and progesterone receptors exist in more than one isoform (Tung et al., 1993; Enmark et al., 1997) . A novel oestrogen receptor isoform, oestrogen receptor β, was cloned from a rat prostate cDNA library (Kuiper et al., 1996) . Oestrogen receptor β is expressed in uterine tissue; however, to date, detailed spatio−temporal studies of oestrogen receptor β expression in human endometrium have not been published. Both isoforms of the progesterone receptor (the short A and long B isoforms) are expressed in the stromal and glandular compartments during the proliferative phase. However, in the secretory phase and early pregnancy, progesterone receptor A isoform predominates in the stromal compartment (Wang et al., 1998) . It is not possible to raise antibodies specific to progesterone receptor A and hence the A isoform is assumed to be the subtype responsible for positive immunostaining when the progesterone receptor B isoform cannot be detected specifically (Fig. 1) . Whether the effects of progesterone on endometrial differentiation in the secretory phase and early pregnancy are mediated mainly by progesterone receptor A remains to be elucidated.
Regulation of uterine decidualization
Decidualization is a crucial step in the initiation and establishment of pregnancy and is a feature of species that show invasive haemochorial placentation. The most obvious role of the decidualized endometrium is to provide a nutritive environment for the developing fetus throughout pregnancy. In humans, decidualization is independent of the presence of a blastocyst and early signs of predecidual changes are first observed in stromal cells close to vascular structures in the mid-to late secretory phase of the menstrual cycle. When implantation is successful, glandular secretory activity continues, although towards the end of the first trimester the glands are less active. In vivo, decidualization is controlled most effectively by progesterone acting on an oestradiol-primed uterus and this process can be induced as a consequence of administration of exogenous progestins (Critchley et al., 1998) . However, the cellular interactions and progesterone target genes that are involved in decidualization are complex and still poorly outlined. A host of growth factors, cytokines and protein hormones are also recognized as crucial signals for the initiation and maintenance of decidualization. Examples include epidermal growth factor, insulin-like growth factor (IGF), IGF binding protein 1, prostaglandins, relaxin and tissue factor (reviewed in Osteen, 1999) .
Decidualization can be induced in vitro in cultured endometrial stromal cells. However, in such a model system, progesterone acts as a weak inducer of decidualization (Daly et al., 1983) . In vitro, decidualization of endometrial stromal cells can be initiated in the absence of progesterone by factors that increase intracellular cAMP concentrations. These factors include prostaglandin E, relaxin, corticotrophin-releasing hormone, gonadotrophins or cAMP analogues such 8-bromo-cAMP (Frank et al., 1994; Lane et al., 1994; Ferrari et al., 1995; Telgmann et al., 1997; Nemansky et al., 1998; Brosens et al., 1999) . Induction of expression of the decidual prolactin gene in vitro is often used as a marker of decidualization of endometrial stromal cells (Irwin et al., 1989) .
Prolactin expression in the decidualized endometrium and its regulation
Prolactin is one of the major proteins synthesized and secreted during decidualization of the human endometrial stroma in vivo (Maslar and Riddick, 1979) . In the nonpregnant uterus, prolactin synthesis is detected between the mid-secretory phase and menses and coincides with the first histological signs of decidualization (Fig. 2 ). In the event of pregnancy, decidual prolactin secretion increases steadily after implantation, reaching a peak at about weeks 20-25 of pregnancy, and declines towards term (Wu et al., 1995) . Increased prolactin synthesis by the decidua is correlated with an increase in the size of decidual cells and increased prolactin concentrations in the amniotic fluid (Wu et al., 1995) . Prolactin synthesized de novo by decidual cells is indistinguishable from pituitary prolactin by chemical, immunological and biological criteria (Tomita et al., 1982) . Moreover, the amino acid encoding sequence is identical for both pituitary and decidual prolactin (Takahashi et al., 1984) . However, the decidual RNA transcript is longer than its pituitary counterpart, differing in the 5′ untranslated region (Gellersen et al., 1989) . Comparative analysis of the decidual and pituitary RNA transcripts has revealed the utilization of alternative promoter regions of transcription, thus accounting for tissue-specific hormonal regulation of expression of the prolactin gene in the decidua and pituitary (Gellersen et al., 1994) . The transcription initiation site in the decidua is located approximately 5.7 kb upstream of the pituitaryspecific cap site (Gellersen et al., 1994) . Tissue-specific regulation of prolactin gene expression is supported further by the observation that pituitary prolactin expression is dependent on the transcription factor Pit-1 (Ingraham et al., 1990) . However, Pit-1 is not expressed in the uterus (Rhodes et al., 1994) and has no effect on transcription of the decidual prolactin promoter despite the presence of two binding motifs for Pit-1 (Gellersen et al., 1994) . Moreover, classic regulators of pituitary prolactin secretion (bromocriptine, dopamine, thyrotropin releasing hormone, oestrogen) have no effect on the expression of prolactin in human decidual tissue (Huang et al., 1987) . Prolactin expression is controlled most effectively in the decidualized endometrium by progesterone. In the presence of progesterone, decidualized endometrium secretes prolactin at increasing concentrations and in its absence prolactin secretion ceases within 2-3 days (Maslar and Ansbacher, 1986) . Moreover, prolactin expression in secretory endometrium is high after in vivo administration of medroxyprogesterone acetate (Reis et al., 1999) and in vivo administration of the antiprogestin RU486 significantly reduces prolactin expression in the decidualized stromal cells (Wang et al., 1994) . However, evidence indicates that although progesterone is important for inducing and maintaining decidualization, it does not induce prolactin gene expression directly. This hypothesis can be inferred from the absence of co-localization of at least genomic progesterone receptors in prolactin secreting cells (Wang et al., 1994) and the inability of activated progesterone receptors (both A and B isoforms) to induce transcription of the decidual prolactin promoter (Gellersen et al., 1994) . Other factors shown to increase prolactin expression in long-term cultures of human endometrial stromal cells include relaxin and insulin-like growth factor I (IGF-I), both of which are synthesized locally by the stromal cells (Rosenberg et al., 1991 Immunostaining for progesterone receptor B is at a maximum during the mid-to late proliferative phase and decreases in both endometrial glands and stroma during the secretory phase of the menstrual cycle. Progesterone receptor A is assumed to be the subtype responsible for positive staining when progesterone receptor B isoform cannot be detected specifically. By inference only the progesterone receptor A subtype is expressed strongly in decidualized stromal cells in the secretory phase and early pregnancy. (Data derived from Wang et al., 1998.) cAMP−protein kinase A signalling pathway (reviewed in Telgmann and Gellersen, 1998) . cAMP alone can induce prolactin production in endometrial monolayers and this effect is synergistically enhanced by medroxyprogesterone acetate (Brosens et al., 1999) . Moreover, 8-Br-cAMP can strongly activate the transcription of the decidual prolactin promoter in transfected endometrial stromal cells and this effect is further enhanced with medroxyprogesterone acetate (Gellersen et al., 1994; Brosens et al., 1999) . Treatment with medroxyprogesterone acetate alone has minimal effect on transcription of the decidual prolactin promoter (Gellersen et al., 1994; Brosens et al., 1999) . These data indicate that a ligand linked to cAMP is a major regulator of prolactin expression in the decidualized endometrium during the late secretory phase of the menstrual cycle and that the cAMP− protein kinase pathway may sensitize the endometrial stromal cells to the effects of progestins (Brosens et al., 1999) . In turn, progestins may act synergistically with cAMP to stabilize the decidual prolactin transcript (Gellersen et al., 1994) . More recently, Pohnke et al. (1999) have demonstrated that the effect of cAMP on transcription of the decidual prolactin promoter is mediated via the CCAAT/enhancer binding proteins (C/EBP). C/EBP consensus binding sequences are present in the decidual prolactin promoter and mutation of these sites abrogates the cAMP-mediated activation of the decidual prolactin promoter.
Prolactin receptor signalling and its expression in the endometrium
Prolactin mediates its effect on target cells via single-pass transmembrane-spanning receptors that belong to the class 1 family of cytokine receptors. Different membrane-bound isoforms of the prolactin receptor, termed short and long, , 1998, 1999.) have been identified in vivo in rodent and ruminant species (reviewed in Kelly et al., 1991; Bignon et al., 1997) . These isoforms possess similar extracellular domains comprising 210 amino acids but differ essentially in the length of the cytoplasmic domain. More recently, in vivo expression of two isoforms of the receptor, termed long and intermediate, has been described in humans (Kline et al., 1999) . The intermediate form results from a deletion at a consensus splice site resulting in a frame shift and a truncated intracytoplasmic domain; both forms of the receptor share identical extracellular domains and bind prolactin with similar affinities (Kline et al., 1999) . The two isoforms are co-expressed in a large array of human tissues although the physiological significance of each of the isoforms remains to be elucidated. It has been suggested that the co-expression of different receptor isoforms in the same type of cell may modulate the function of prolactin on target cells through formation of inactive receptor heterodimers. Receptor dimerization is an essential component of prolactin receptor signalling and it has been demonstrated that, at least in rodent species, the short form of the receptor can block signalling of the long form of the receptor to a prolactinresponsive promoter (Berlanga et al., 1997) . Whether the intermediate form of the human prolactin receptor acts in a similar manner is yet to be established. It is also plausible that co-expression of the different receptor isoforms may be a mechanism for conveying multi-prolactin receptor effects on target cells through a diversity of signalling cascades that may be receptor isoform-specific. Prolactin signals its effect to target promoters through interaction with protein tyrosine kinases such as p59 fyn and p120 jak2 and activation of different Stat (signal transducers and activators of transcription) proteins. The Stat proteins dimerize and initiate transcription of prolactin responsive genes including interferon regulatory factor 1, β-casein and α 2 -macroglobulin (reviewed in Yu-Lee, 1997). Prolactin receptor dimerization also initiates the mitogen-activated protein kinase (MAPK) signalling cascade (Das and Vonderhaar, 1995) , leading to activation of transcription factors necessary for cell cycle progression including Myc, Jun and T-cell factor (Seth et al., 1992) . Evidence indicates that these signalling cascades are activated differentially by the different receptor isoforms and hence may mediate specific prolactin signals in the target cells. For instance, in humans, both the long and intermediate forms of the prolactin receptor activate Jak2, whereas only the long form activates Fyn (Kline et al., 1999) .
Prolactin receptor expression has been characterized in the human uterus throughout the menstrual cycle and pregnancy. Prolactin receptor expression in the human endometrium is temporally regulated throughout the menstrual cycle. Minimal expression is detected during the proliferative phase and expression is upregulated during the mid-to late secretory phase (Jabbour et al., 1998; Jones et al., 1998) . Prolactin receptor expression in the non-pregnant human endometrium is localized predominantly to the glandular epithelial cells ( Fig. 2; Jabbour et al., 1998) . In the event of pregnancy, prolactin receptor expression is maintained and is localized to the decidua, chorionic cytotrophoblast, amniotic epithelium and placental syncytiotrophoblast (Maaskant et al., 1996) . Evidence indicates that both the long and intermediate forms of the receptor are expressed in the uterus and other tissues such as the placenta (Kline et al., 1999) . However, the temporal pattern and site of expression of the different receptor isoforms and their potential function in uterine physiology and pregnancy remain to be elucidated. Prolactin receptor expression has also been detected in the non-pregnant uterus of other primate species such as baboons and marmosets (Frasor et al., 1999; Dalrymple and Jabbour, 2000) and throughout pregnancy in baboons (Frasor et al., 1999) .
Prolactin function in the human endometrium is linked to the Jak2/Stat signalling pathway. Jak2, Stat1 and Stat5 proteins are rapidly phosphorylated after stimulation of the glandular epithelial cells with prolactin (Jabbour et al., 1998) . The phosphorylated Stat proteins subsequently translocate to the nucleus and initiate the transcription of prolactin-responsive genes. One prolactin target gene we have identified recently in the human glandular epithelial cells is the transcription factor, interferon regulatory factor 1 (IRF-1). IRF-1 co-localizes with prolactin receptors in the glandular compartment of the endometrium and IRF-1 expression in the late secretory phase endometrium is upregulated after treatment with prolactin ( Fig. 2; Jabbour et al., 1999) . The sites of expression of prolactin, prolactin receptor and IRF-1 in the human endometrium indicate that prolactin-mediates gene transcription in the glandular epithelial cells in a paracrine fashion. Decidual prolactin secreted by the stromal cells acts on its receptors in the glandular compartment to upregulate the expression of target genes such as IRF-1 (Fig. 3) . The target genes for prolactin via IRF-1 in the human endometrium remain to be established. However, in other model systems, IRF-1 regulates the expression of a wide array of genes that are associated with cellular proliferation, growth inhibition and differentiation (reviewed in Yu-Lee, 1997). One potential target gene for prolactin-induced IRF-1 in the human endometrium is interferon β. Interferon β is expressed in the human uterus and co-localizes with prolactin receptors in the glandular epithelial cells (H. N. Jabbour, unpublished). IRF-1 binds to the upstream regulatory region of the interferon β gene (Miyamoto et al., 1988) and activates reporter plasmids with the interferon β promoter (Harada et al., 1990) .
Potential function of prolactin in early pregnancy

Epithelial cell differentiation and implantation
The temporal pattern of expression of prolactin receptors throughout the menstrual cycle indicates that prolactin plays a differentiative rather than a mitogenic role in the glandular epithelial cells. This is inferred from the absence of expression of the receptor during the proliferative phase of the menstrual cycle, the period during which the glandular epithelial cells are undergoing rapid mitogenesis. The abundant expression of prolactin and its receptor during the secretory phase implies that prolactin may be regulating the secretory function of the endometrial glands at the time of predicted conception and trophoblast implantation. A role for prolactin in implantation has been outlined in the prolactin and prolactin receptor knockout mouse (Horseman et al., 1997; Ormandy et al., 1997) . Female mice with a null mutation for the prolactin and prolactin receptor are sterile and their uteri are refractory to implantation. However, the mechanism by which prolactin may influence implantation is not clear. Prolactin may regulate the expression or secretion of factors within the glandular compartment that may facilitate trophoblast cell adhesion and invasion of the endometrium. Prolactin influences the expression of a number of adhesion and proteolytic molecules (reviewed in Yu-Lee, 1997). Such molecules would facilitate trophoblast attachment followed by extracellular matrix degradation of the endometrium to facilitate trophoblast cell invasion (Starzyk et al., 1999) .
Regulation of trophoblast cell growth
During early pregnancy, the invading trophoblast cells which originate from the proliferating tips of the anchoring villi differentiate to either mononucleated endovascular cells or multi-nucleated syncytiotrophoblast cells within the placental bed (Starzyk et al., 1999) . The control of proliferation of the invading trophoblast cells is presumably one mechanism of regulating the degree of endometrial invasion. Under-invasion of trophoblast cells can lead to defective placentation and the failure to develop a normal uteroplacental blood supply, which culminate in clinical conditions such as pre-eclampsia during pregnancy. It is possible that prolactin regulates trophoblast cell function and the degree of invasion in the endometrium. The human placental tissue, and more specifically the syncytiotrophoblast cells, express both the long and intermediate forms of the prolactin receptor (Maaskant et al., 1996; Kline et al., 1999) . The physiological significance of coexpression of the two receptor isoforms in the placenta has not been elucidated. However, studies in vitro demonstrate that the long but not intermediate form of the human receptor induces a mitogenic signal in response to prolactin (Kline et al., 1999) . Hence, the intermediate form of the receptor may act as a dominant negative receptor to control the mitogenic effect of prolactin mediated by the long receptor. It is also plausible that prolactin controls the growth of the trophoblast cells in the endometrium through expression of specific growth inhibition signals. One candidate molecule is interferon β, which is a known regulator of cell growth with antiproliferative activity (Meager, 1998) .
Angiogenesis
Prolactin stimulates and inhibits angiogenesis: the intact prolactin molecule is angiogenic and its N-terminal 16 kDa fragment is anti-angiogenic (Struman et al., 1999) . In addition, expression of the prolactin gene is detected in capillary endothelial cells, and prolactin acts in an autocrine−paracrine fashion to regulate cellular proliferation (Clapp et al., 1998) . The opposite actions of the intact and 16 kDa cleaved fragment are mediated by independent receptors rather than by competition for binding to the same receptor (Struman et al., 1999) . Ligand binding and chemical crosslinking studies confirm that the 16 kDa prolactin fragment but not the 23 kDa prolactin binds to high affinity saturable sites in endothelial cell membranes, which are distinct in size from the cloned prolactin receptors (Clapp and Weiner, 1992) . Moreover, the 16 kDa prolactin fragment does not compete with the intact prolactin molecule for binding to the classical prolactin receptors (Struman et al., 1999) . The angiogenic effect of prolactin on endothelial cells is mediated in part via the MAP kinase signalling pathway. Treatment of endothelial cells with intact 24 kDa prolactin induces tyrosine phosphorylation and activation of MAP kinase. However, the 16 kDa prolactin fragment inhibits growth factor-induced MAP kinase phosphorylation (Struman et al., 1999) .
In early pregnancy, placental development and establishment of maternal−fetal circulation is tightly controlled through the expression of angiogenic and anti-angiogenic factors. Impairment of placental development is associated with early pregnancy loss and is observed in pregnancies complicated with pre-eclampsia and intrauterine fetal retardation. In the pregnant uterus, blood vessel development in the placenta may be promoted by decidual prolactin via its classical receptors: both the long and intermediate forms of the receptor are highly expressed in placental tissue (Kline et al., 1999) . Whether the 16 kDa prolactin fragment and its receptor are produced in the pregnant uterus to counter-balance the degree of vascularization by the intact prolactin molecule remains to be elucidated. However, a potential role for 16 kDa prolactin in the pregnant uterus is supported by observations that cathepsin D, the enzyme that cleaves intact prolactin into its 16 kDa fragment, is produced in the deciduo-placental interface (Earl et al., 1989; Fig. 4 ).
Immune regulation
A role for prolactin in immune regulation is well documented (reviewed in Yu-Lee, 1997). Prolactin and prolactin receptor expression have been described in a number of haematopoietic cells in the peripheral circulation (Pellegrini et al., 1992) , indicating that prolactin acts in an autocrine− paracrine fashion to influence immune cell proliferation and function. Moreover, prolactin receptor expression has been reported in haematopoietic cells (Jabbour et al., 1998) within the endometrium and this is not surprising since these cells are likely to be recruited from the peripheral circulation. However, these cells may undergo in situ proliferation and differentiation. Endometrial haematopoietic cells increase in number during the secretory phase of the menstrual cycle (Klentzeris et al., 1992) and have different phenotypic characteristics to haematopoietic cells within the peripheral circulation (King et al., 1991) . Prolactin has marked mitogenic and anti-apoptotic effects on cells of the haematopoietic system as clearly demonstrated in the pre-T lymphoma Nb2 cells. Moreover, prolactin is associated with lymphoid cell differentiation (reviewed in Yu-Lee, 1997). Haematopoietic cell proliferation and differentiation during the secretory phase of the menstrual cycle and early pregnancy may play a vital role in the control of implantation and establishment of vasculature and blood supply at the fetoplacental unit (King and Loke, 1990) . The local signals responsible for these uterine immune cell modifications may be orchestrated by prolactin, which is expressed at increasing concentrations by the pseudodecidualized and decidualized endometrium during the secretory phase of the menstrual cycle and early pregnancy.
Conclusions
The temporal pattern and sites of expression of prolactin and its receptor in the pregnant and non-pregnant endometrium indicate a crucial role for the cytokine in establishment and maintenance of pregnancy. Recent data demonstrating the expression of different isoforms of the receptor with differential signalling pathways in the placenta indicate a diverse function for the cytokine within target cells. Future studies outlining the target genes of prolactin in the different cellular components within the deciduo−placental interface may provide insight into the exact role of prolactin in the pregnant human endometrium. Moreover, comparative studies outline a similar function of prolactin in other primate species. These studies may provide a useful model for human pregnancy and assist further in understanding the role of prolactin and its different receptor isoforms in implantation and the successful establishment and maintenance of normal pregnancy. 
